We rejort on the experimental realisation of time-resolved coincident Coulomb explosion imaging of H2-fragmentation in 101 W/cm2 laser fields. Combining a high-resolution 'reaction microscope' and a fs pump-probe setup, we map the motion of wave packets dissociating via one-or two-photon channels, respectively, and observe two region of enhanced ionization in accordance with earlier theoretical predictions. The long-term interferometric stability of our system allows us to extend pump-probe experiments into the region of overlapping pulses, which offers new possibilities for the manipulation of ultrafast molecular fragmentation dynamics.
INTRODUCTION
Molecular dynamics in strong laser fields has recently attracted increasing attention experimentally as well as theoretically1'2, fuelled not at least by the tremendous progress achieved in ultrafast laser technology. State-of-the-art infrared lasers routinely provide pulses shorter than 30 fs, which match the vibrational timescale for most of the molecular systems. This offers a variety of possibilities to study molecular motion in different physical, chemical or biological processes3. Most of these experiments are based on the so-called pump-probe scheme, where the first (pump) laser pulse initiates a particular molecular reaction, whereas the second (probe) pulse, which arrives after a certain time delay, is used to trace the following time-dependent dynamics of the process of interest. In order to explore the time evolution of the molecular system, the probe stage can exploit different laser-induced phenomena including absorption and scattering of light, fluorescence or photoionization. In the latter case, if two or more electrons are removed, the molecule can explode due to a Coulomb repulsion, and then measurements of (angle-resolved) kinetic energy spectra of ionic fragments provide information about the molecular structure at the moment of explosion. This technique, known as Coulomb explosion (CE) imaging, was originally developed for the collisions of fast molecular beems with a thin foil4'5. Combined with a fs pump-probe scheme, it provides one of the most direct method of mapping both, the structure and the dynamics of moving nuclear wave packets of molecules. Here, the pump laser pulse prepares a molecular wave packet (e.g., initiates a dissociative ionization), and the probe pulse projects the wave function onto the repulsive Coulomb potential curve. The wave packet shape is then reconstructed from the measured kinetic energy distribution of the reaction fragments using the Coulomb law. Being first applied to study the dissociation of 12 molecules6'7, this method was later extended to the simplest (and fastest) diatomic systems, such as H2 8 or D2 . The latter are the ideal candidates for testing the CE imaging schemes for two reasons. First, after the removal of both electrons they represent a pure two-center Coulomb system. Second, their fragmentation in intense laser fields was extensively studied experimentally and theoretically12.
There are two basic requirements for the applicability of laser-induced CE imaging. First, one has to provide a reliable way to distinguish CE fragments from other (e.g., dissociated) reaction products. This, in case of H2 (D2), requires coincident measurements. Otherwise, the CE mapping of molecular dissociation for these targets is either restricted to the regions of small internuclear separations R, where the Coulomb energy clearly differs from the energy of the dissociated fragments9, or requires using of two pulses with different polarization8. Second, the effective duration of a probe pulse should match the time scale of the process of interest. Thus, in order to resolve the motion of the nuclear wave packet of the bound molecule, laser pulses shorter than vibrational period are required, which for the case of H2 * t.ergler@mpi-hd.mpg.de phone: +49 6221 516296 fax: +49 6221 516604
Fragmentation of molecules studied with laser-induced Coulomb explosion imaging and femtosecond pump-probe experiments 1 . INTRODUCTION Molecular dynamics in strong laser fields has recently attracted increasing attention experimentally as well as theoretically"2, fuelled not at least by the tremendous progress achieved in ultrafast laser technology. State-of-the-art infrared lasers routinely provide pulses shorter than 30 fs, which match the vibrational timescale for most of the molecular systems. This offers a variety of possibilities to study molecular motion in different physical, chemical or biological processes3. Most of these experiments are based on the so-called pump-probe scheme, where the first (pump) laser pulse initiates a particular molecular reaction, whereas the second (probe) pulse, which arrives after a certain time delay, is used to trace the following time-dependent dynamics of the process of interest. In order to explore the time evolution of the molecular system, the probe stage can exploit different laser-induced phenomena including absorption and scattering of light, fluorescence or photoionization. In the latter case, if two or more electrons are removed, the molecule can explode due to a Coulomb repulsion, and then measurements of (angle-resolved) kinetic energy spectra of ionic fragments provide information about the molecular structure at the moment of explosion. This technique, known as Coulomb explosion (CE) imaging, was originally developed for the collisions of fast molecular beems with a thin foil4'5. Combined with a fs pump-probe scheme, it provides one of the most direct method of mapping both, the structure and the dynamics of moving nuclear wave packets of molecules. Here, the pump laser pulse prepares a molecular wave packet (e.g., initiates a dissociative ionization), and the probe pulse projects the wave function onto the repulsive Coulomb potential curve. The wave packet shape is then reconstructed from the measured kinetic energy distribution of the reaction fragments using the Coulomb law. Being first applied to study the dissociation of 12 molecules6'7, this method was later extended to the simplest (and fastest) diatomic systems, such as H2 8 or D2 . The latter are the ideal candidates for testing the CE imaging schemes for two reasons. First, after the removal of both electrons they represent a pure two-center Coulomb system. Second, their fragmentation in intense laser fields was extensively studied experimentally and theoretically12.
There are two basic requirements for the applicability of laser-induced CE imaging. First, one has to provide a reliable way to distinguish CE fragments from other (e.g., dissociated) reaction products. This, in case of H2 (D2), requires coincident measurements. Otherwise, the CE mapping of molecular dissociation for these targets is either restricted to the regions of small internuclear separations R, where the Coulomb energy clearly differs from the energy of the dissociated fragments9, or requires using of two pulses with different polarization8. Second, the effective duration of a probe pulse should match the time scale of the process of interest. Thus, in order to resolve the motion of the nuclear wave packet of the bound molecule, laser pulses shorter than vibrational period are required, which for the case of H2 (D2) would mean sub-10 fs pulses. An alternative method suggests using electrons which return back to their parent ion and can induce a second ionization step, as a probe pulse (the so called molecular clock . Providing a sublaser cycle time resolution, this method is restricted by fixed returned times and by the difficulties in separating CE events induced by recollision from the field-induced ones. For the case of dissociating molecules the duration of a probe pulse limits the ultimate spatio-temporal resolution of the experiment. However, as it was pointed out by Stapelfeldt et at7, the effective pulse duration, where the second ionization step takes place, is only a fraction of the full pulse length, provided the laser intensity is kept below the saturation value. Thus, the real experimental resolution is often limited by the resolution of the energy measurements as well as, or even rather than by probe pulse duration.
In this paper we report on the experimental realisation of time-resolved coincident Coulomb explosion imaging of dissociating H2 molecules. Using a combination of the "reaction microscope" spectrometer, which allows coincident detection of several charged particles with excellent momentum resolution, and a pump-probe setup providing two identical 25 fs pulses with variable delay of sub-fs accuracy, we are able to resolve in space and time the motion of two different dissociating wave packets produced by net absorption of one or two photons. We provide experimental evidences of the existence of a second maximum in the R-dependent ionization probability for H2, which was predicted in several previous theoretical studies' 2'5 . Finally, we demonstrate that by using an interferometrically stable pumpprobe setup which allows to control the electric field shape in the region of overlapping pulses, a clear pump probe experiment can be carried out even in this regime by selecting only those delays for which both pulses interfere destructively. Moreover, this simplest form of pulse-shaping allows us to manipulate the ultrafast molecular fragmentation dynamics, suppressing and enhancing certain fragmentation channels.
The paper is structured as follows: In Section 2 a description of the experimental set-up is given, followed by a brief overview of the basic fragmentation channels of H2 in intense laser fields in Section 3. The experimental results are presented and discussed in Section 4, and conclusions are given in Section 5. Atomic units (a.u.) are used if not stated otherwise.
EXPERIMENTAL SETUP
The sketch of the experimental setup is shown in Fig. 1 . Measurements were performed using linearly polarized radiation from a Kerr-lens mode locked Ti:sapphire laser at 795 nm central wavelength with 25 fs pulse width (FWHM) and 3 kHz repetition rate. The laser beam was fed through a Mach-Zehnder type interferometer with one arm variable in length, providing two identical pulses separated by a time delay which can be scanned from 0 to 3300 fs with a resolution of better than 300 as. Both laser beams were focused to a spot size of 5 tm onto the collimated supersonic molecular gas jet in the center of an ultra-high vacuum chamber (210_li mbar). Charged reaction fragments were guided to two position-sensitive channel plate detectors by weak electric (2 V/cm) and magnetic (7 G) fields applied along the laser polarization axis. From the time-of-flight and position on the detectors the full momentum vectors of the coincident recoil ions and electrons were calculated. Fluctuations of the laser intensity from pulse to pulse were monitored during the experiment and did not exceed 5%. Absolute calibration of the peak laser intensity was performed using a clear kink in the measured photoelectron momentum distribution from single ionization of Ne, which corresponds to the maximum drift momentum of 2(U)", (where U = 1/4w2 is the ponderomotive potential, 1 the light intensity and co its frequency) that electrons can gain from the laser field'6. A detailed description of the spectrometer and the coincident measurement scheme, as well as the structure of a typical H2 fragmentation spectrum can be found elsewhere '7"8 One of the decisive features of our pump-probe setup is its long-term stability on a sub-fs level. Comparing the autocorrelation pattern obtained from the ion signal with the intensity autocorrelation measured with a photodiode on the laser table before and after the experiment (Fig. 2) , we found very similar patterns. This indicates that the optical arrangement was interferometrically stable during the acquisition time of more than 50 hours. Slight differences which are observed in the wings of the autocorrelation spectrum are mainly due to the different intensity dependence of various fragmentation channels. As can be seen from the photodiode data in Fig. 2 , in the region where two patterns differ, the molecule is exposed to non-zero laser field even for the interference minima. The intensity of each laser pulse was 2* 1014 W/cm2. According to Posthumus eta!8, the yield of H2 ions reaches its maximum below this value, whereas for higher intensities this channel is depleted via dissociation or/and CE reactions. This can be seen in the inset of (D2) would mean sub-10 fs pulses. An alternative method suggests using electrons which return back to their parent ion and can induce a second ionization step, as a probe pulse (the so called molecular clock scheme)'°" .Providing a sublaser cycle time resolution, this method is restricted by fixed returned times and by the difficulties in separating CE events induced by recollision from the field-induced ones. For the case of dissociating molecules the duration of a probe pulse limits the ultimate spatio-temporal resolution of the experiment. However, as it was pointed out by Stapelfeldt et at7, the effective pulse duration, where the second ionization step takes place, is only a fraction of the full pulse length, provided the laser intensity is kept below the saturation value. Thus, the real experimental resolution is often limited by the resolution of the energy measurements as well as, or even rather than by probe pulse duration.
In this paper we report on the experimental realisation of time-resolved coincident Coulomb explosion imaging of dissociating H2 molecules. Using a combination of the "reaction microscope" spectrometer, which allows coincident detection of several charged particles with excellent momentum resolution, and a pump-probe setup providing two identical 25 fs pulses with variable delay of sub-fs accuracy, we are able to resolve in space and time the motion of two different dissociating wave packets produced by net absorption of one or two photons. We provide experimental evidences of the existence of a second maximum in the R-dependent ionization probability for H2, which was predicted in several previous theoretical studies' 215 . Finally, we demonstrate that by using an interferometrically stable pumpprobe setup which allows to control the electric field shape in the region of overlapping pulses, a clear pump probe experiment can be carried out even in this regime by selecting only those delays for which both pulses interfere destructively. Moreover, this simplest form of pulse-shaping allows us to manipulate the ultrafast molecular fragmentation dynamics, suppressing and enhancing certain fragmentation channels.
The sketch of the experimental setup is shown in Fig. 1 . Measurements were performed using linearly polarized radiation from a Kerr-lens mode locked Ti:sapphire laser at 795 nm central wavelength with 25 fs pulse width (FWHM) and 3 kHz repetition rate. The laser beam was fed through a Mach-Zehnder type interferometer with one arm variable in length, providing two identical pulses separated by a time delay which can be scanned from 0 to 3300 fs with a resolution of better than 300 as. Both laser beams were focused to a spot size of 5 tm onto the collimated supersonic molecular gas jet in the center of an ultra-high vacuum chamber (210_li mbar). Charged reaction fragments were guided to two position-sensitive channel plate detectors by weak electric (2 V/cm) and magnetic (7 G) fields applied along the laser polarization axis. From the time-of-flight and position on the detectors the full momentum vectors of the coincident recoil ions and electrons were calculated. Fluctuations of the laser intensity from pulse to pulse were monitored during the experiment and did not exceed 5%. Absolute calibration of the peak laser intensity was performed using a clear kink in the measured photoelectron momentum distribution from single ionization of Ne, which corresponds to the maximum drift momentum of 2(U)", (where Ui,. =1/4w2 is the ponderomotive potential, 1 the light intensity and w its frequency) that electrons can gain from the laser field'6. A detailed description of the spectrometer and the coincident measurement scheme, as well as the structure of a typical H2 fragmentation spectrum can be found elsewhere '7'18 One of the decisive features of our pump-probe setup is its long-term stability on a sub-fs level. Comparing the autocorrelation pattern obtained from the ion signal with the intensity autocorrelation measured with a photodiode on the laser table before and after the experiment (Fig. 2) , we found very similar patterns. This indicates that the optical arrangement was interferometrically stable during the acquisition time of more than 50 hours. Slight differences which are observed in the wings of the autocorrelation spectrum are mainly due to the different intensity dependence of various fragmentation channels. As can be seen from the photodiode data in Fig. 2 , in the region where two patterns differ, the molecule is exposed to non-zero laser field even for the interference minima. The intensity of each laser pulse was 2* 1014 W/cm2. According to Posthumus et a18, the yield of H2 ions reaches its maximum below this value, whereas for higher intensities this channel is depleted via dissociation or/and CE reactions. This can be seen in the inset of Since the wave packet is not an eigenstate anymore it will start to propagate on the new potential curve defining a timescale for subsequent fragmentation processes. The molecular ion can either dissociate or be further ionized leading to a pair of protons (CE). Up to now there were no experimental evidences found for direct molecular dissociation leading to a pair of neutral hydrogen atoms2. Fig. 3 shows the different fragmentation pathways of H2 in a strong 800 nm laser field and a relevant potential curve diagram. By single ionization of H2 the initial vibrational ground state is promoted in a vertical transition onto the electronic ground state potential curve l5Yg of H2t Since the wave packet is not an eigenstate anymore it will start to propagate on the new potential curve defining a timescale for subsequent fragmentation processes. The molecular ion can either dissociate or be further ionized leading to a pair of protons (CE). Up to now there were no experimental evidences found for direct molecular dissociation leading to a pair of neutral hydrogen atoms2. 
H2 FRAGMENTATION CHANNELS IN STRONG LASER FIELDS

Dissociation
Dissociation is driven by a strong dipole interaction of the two lowest electronic states lsag and 2Pau in the presence of a strong field along the molecular axis. In a cycle-averaged Floquet description19'20 one finds a series of dressed potential curves spaced by the photon energy. Via avoided crossings the molecular ion can dissociate by a net absorption of one or two photons (ho and 2o channels, respectively). In the latter case, absorption of three photons in the first avoided crossing is followed by a re-emission of one photon at the second crossing. Since for each photon the parity of the molecular state must change, there is no direct two-photon process. In the fragment kinetic energy spectrum these channels manifest themselves as two peaks below 1 eV per proton. A comprehensive discussion on the dynamics and interplay of different dissociation mechanisms referred to as "bond softening"21, vibrational trapping, or "bond-hardening"22, "above-threshold"23, "below-threshold"24 or "zero-photon" (Posthumus et al 2000) dissociation can be found in the reviews by Giusti-Suzor et al' and Posthumus2.
Double ionisation (CE)
Similar to the case of atoms, double ionization of molecules in strong laser fields can occur via sequential or nonsequential pathways. The former mechanism becomes more complex in the molecular case since the ionisation potential of the molecular ion depends on the internuclear separation R. In addition, at intermediate R an even stronger enhancement of the field ionisation rates is observed due to the interaction of the 1 5cYg and 2Pu states, which causes an oscillating localisation of the electron cloud at one of the nuclei. This effect of harge tesonance nhanced jonisation (CREI)12'5 gives the highest ionisation probabilities for H2 in a range of internuclear distance from 4 to 7 au. and 9 -12 au., corresponding to a KER per proton of 2 to 4 eV and 1 -1 .5 eV, respectively. CREI was found to be a dominant sequential double ionization channel in most of the measurements on H2 and D28'9'222628. However, only the first (highenergy) region of enhanced ionization was usually observed, whereas the first indication on the existence of low-energy CE structures were found only very recently18'29. Since the dipole interaction occurs along the molecular axis, the corresponding Coulomb explosion contribution is strongly peaked along the laser polarization direction2. The results of recent experiments18'30'31 have shown that if intense (-1015 W/cm2) few-cycle laser pulses are used, the "atomic-like" sequential double ionization, which results in more energetic Coulomb explosion fragments with more isotropic angular distribution, starts to compete with CREI. These two channels were referred to as "sequential ionization" and "enhanced ionization"30'31. This should not lead to confusion: both processes are definitely sequential and the essential difference is the extreme R-dependence of the "enhanced ionization" (CREI).
In the case of a linearly polarized laser field the first emitted electron can be driven back and recollide after about three quarters of an optical cycle with its parent ion. The returning electron may either kick out directly the second electron through recollision-jonization or promote the bound electron into an excited state, which can then be easily fieldionized. For H2 the non-sequential double ionization channel has been identified as a high-energy shoulder in the fragment energy spectra for linear polarization, which disappears for circular polarization, since in this case the electron does not recollide with its parent ion3032. Non-sequential double ionization leads to the largest fragment energies since it is a fast process, which for the first electron return gives the nuclei less than one optical cycle to separate.
The probability of "atomic-like" sequential double ionization becomes non-negligible only for few-cycle pulses and very high intensities. From the other hand, recollision-induced ionization occurs on a very short time scale and is, therefore, a single pulse phenomenon. Thus, the main double ionization mechanism addressed in the present work is CREI at relatively large internuclear distances.
RESULTS AND DISCUSSION
In Fig. 4 the kinetic energy of protons created by CE of H2 molecules is plotted as a function of the delay between the two 25 fs laser pulses. In order to separate CE events from dissociation fragments, only those events are shown where two protons have been detected in coincidence and, in addition, fulfill the momentum conservation condition. The intensity of each pulse was 2*1014 W/cm2. The count rate for non-overlapping pulses was set to 0.05 ions per laser shot leading to a negligible fraction of false coincidences. For delays close to zero, if the two pulses interfere constructively, the peak intensity is four times higher, resulting in a count rate increase of up to 0.5 per shot and, thus, in a noticeable amount of false coincidences in the low-energy region'8.
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Dissociation is driven by a strong dipole interaction of the two lowest electronic states lsag and 2Pu fl the presence of a strong field along the molecular axis. In a cycle-averaged Floquet description19'20 one finds a series of dressed potential curves spaced by the photon energy. Via avoided crossings the molecular ion can dissociate by a net absorption of one or two photons (1w and 2o channels, respectively). In the latter case, absorption of three photons in the first avoided crossing is followed by a re-emission of one photon at the second crossing. Since for each photon the parity of the molecular state must change, there is no direct two-photon process. In the fragment kinetic energy spectrum these channels manifest themselves as two peaks below 1 eV per proton. A comprehensive discussion on the dynamics and interplay of different dissociation mechanisms referred to as "bond softening"21, vibrational trapping, or "bond-hardening"22, "above-threshold"23, "below-threshold"24 or "zero-photon" (Posthumus et al 2000) dissociation can be found in the reviews by Giusti-Suzor et al' and Posthumus2.
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Similar to the case of atoms, double ionization of molecules in strong laser fields can occur via sequential or nonsequential pathways. The former mechanism becomes more complex in the molecular case since the ionisation potential of the molecular ion depends on the internuclear separation R. In addition, at intermediate R an even stronger enhancement of the field ionisation rates is observed due to the interaction of the 1 5Ygand 2Pu states, which causes an oscillating localisation of the electron cloud at one of the nuclei. This effect of harge tesonance nhanced jonisation (CREI)12'5 gives the highest ionisation probabilities for H2 in a range of internuclear distance from 4 to 7 a.u. and 9 -12 a.u., corresponding to a KER per proton of 2 to 4 eV and 1 -1 .5 eV, respectively. CREI was found to be a dominant sequential double ionization channel in most of the measurements on H2 and D28'9'222628. However, only the first (highenergy) region of enhanced ionization was usually observed, whereas the first indication on the existence of low-energy CE structures were found only very recently'8'29. Since the dipole interaction occurs along the molecular axis, the corresponding Coulomb explosion contribution is strongly peaked along the laser polarization direction2. The results of recent experiments'8'30'31 have shown that if intense (-1015 W/cm2) few-cycle laser pulses are used, the "atomic-like" sequential double ionization, which results in more energetic Coulomb explosion fragments with more isotropic angular distribution, starts to compete with CREI. These two channels were referred to as "sequential ionization" and "enhanced ionization"30'31. This should not lead to confusion: both processes are definitely sequential and the essential difference is the extreme R-dependence of the "enhanced ionization" (CREI).
RESULTS AND DISCUSSION
In Fig. 4 the kinetic energy of protons created by CE of H2 molecules is plotted as a function of the delay between the two 25 fs laser pulses. In order to separate CE events from dissociation fragments, only those events are shown where two protons have been detected in coincidence and, in addition, fulfill the momentum conservation condition. The intensity of each pulse was 2*1014 W/cm2. The count rate for non-overlapping pulses was set to 0.05 ions per laser shot leading to a negligible fraction of false coincidences. For delays close to zero, if the two pulses interfere constructively, the peak intensity is four times higher, resulting in a count rate increase of up to 0.5 per shot and, thus, in a noticeable amount of false coincidences in the low-energy region'8. propagation for dissociation of H2F via 1w and 2w channels. The arrow indicates an enhancement corresponding to the maximum of the H2F ionization rate about R =1 0 au.. The spectrum of "true" coincidences in Fig. 4 can be separated into two parts, with proton energies above and below 2 eV, respectively. Outside the region where the two pulses overlap the high-energy band is delay-independent. This structure was observed in numerous previous studies8'9'18'22'2632 and originates from enhanced ionization of the H2F molecular ion at internuclear distances R of 4-7 au., as was discussed above. Higher proton energies which can be observed in the region of overlapping pulses are due to the higher laser intensity experienced by the molecule: it was demonstrated that with increasing intensity the CREI peak broadens and shifts to higher energies1 26-28
Here, we concentrate on the region below 2 eV, where a clear delay-dependent structure appears, which is not observed with a single pulse. Starting from the same energy region as the CREI peak, it propagates towards lower and lower energies with increasing delay. Finally, for delays larger than 300 fs, it evolves into two clearly separated bands. This time-dependent structure originates from the process, where the first (pump) pulse ionizes the neutral molecule and induces the dissociation of the molecular ion via Floquet one-(1w) or two-photon (2w) channels. Depending on the delay of the subsequent probe pulse, which ionizes the dissociating H2F ion at different R, different Coulomb explosion energies of the protons are observed. The measured kinetic energy then consists of the Coulomb energy (Ec 1IR) and the kinetic energy the proton acquired in the dissociation process. The spectrum of "true" coincidences in Fig. 4 can be separated into two parts, with proton energies above and below 2 eV, respectively. Outside the region where the two pulses overlap the high-energy band is delay-independent. This structure was observed in numerous previous studies8'9'18'22'2632 and originates from enhanced ionization of the H2F molecular ion at internuclear distances R of -4-7 a.u., as was discussed above. Higher proton energies which can be observed in the region of overlapping pulses are due to the higher laser intensity experienced b1 the molecule: it was demonstrated that with increasing intensity the CREI peak broadens and shifts to higher energies1 26-28
Here, we concentrate on the region below 2 eV, where a clear delay-dependent structure appears, which is not observed with a single pulse. Starting from the same energy region as the CREI peak, it propagates towards lower and lower energies with increasing delay. Finally, for delays larger than 300 fs, it evolves into two clearly separated bands. This time-dependent structure originates from the process, where the first (pump) pulse ionizes the neutral molecule and induces the dissociation of the molecular ion via Floquet one-(ho) or two-photon (2w) channels. Depending on the delay of the subsequent probe pulse, which ionizes the dissociating H2F ion at different R, different Coulomb explosion energies of the protons are observed. The measured kinetic energy then consists of the Coulomb energy (Ec 1IR) and the kinetic energy the proton acquired in the dissociation process. At very large delays the Coulomb repulsion becomes negligible and the energy distribution of the protons from postdissociative ionization approaches that for the dissociation by a single pulse. Under present conditions, the single pulse spectrum exhibits two maxima at 0.3 eV for the 1w and at 0.65 eV for the 2w channel, respectively. Using these asymptotic values and assuming a classical motion of the protons, we reconstructed the propagation of the dissociating wave packets (dashed lines in Fig. 4) . Initial conditions, i.e. R12. (-r = 100 fs) were chosen in order to fit the experimental data. The good agreement with the experimental data demonstrates that time-resolved CE imaging indeed provides a direct way to map moving nuclear wave packets3335.
The delay-dependent spectrum of the post-dissociative ionization exhibits a noticeable enhancement in the region of 1-1 .5 eV kinetic energies (indicated by the arrow in Fig. 1 ). It might most likely be explained by considering the Rdependence of the ionization rate of dissociating H2 molecular ions. Several theoretical studies'215 have predicted the existence of a second maximum in the ionization probability around R =10 a.u. (Ec 1 .36 eV per proton), well beyond the region corresponding to the CREI-peak observed in single pulse measurements (2 -4 eV). The enhancement observed in Fig. 4 reflects this second maximum. However, one has to note that in order to extract the R-dependence explicitly, it is necessary to clearly disentangle it from the wave packet propagation in the corresponding region of internuclear distances. In Fig. 5a we present the non-coincident proton kinetic energy spectrum for delays between I 7 and 45fs, i.e. for partly overlapping pulses, whereas Fig. 5b displays time-of-flight signal of H2 ions for the same delays. In contrast to the coincident data of Fig. 4 , this spectrum includes both, dissociation and CE events. Protons having energies below 1.2 eV originate from the dissociation of H2, whereas fragments with higher kinetic energies are due to the CE channels discussed above. The spectrum exhibits the autocorrelation pattern which considerably changes with increasing delay. 
delay/fs
At very large delays the Coulomb repulsion becomes negligible and the energy distribution of the protons from postdissociative ionization approaches that for the dissociation by a single pulse. Under present conditions, the single pulse spectrum exhibits two maxima at 0.3 eV for the 1w and at 0.65 eV for the 2w channel, respectively. Using these asymptotic values and assuming a classical motion of the protons, we reconstructed the propagation of the dissociating wave packets (dashed lines in Fig. 4) . Initial conditions, i.e. R1,2 (-r = 100 fs) were chosen in order to fit the experimental data. The good agreement with the experimental data demonstrates that time-resolved CE imaging indeed provides a direct way to map moving nuclear wave packets3335.
The delay-dependent spectrum of the post-dissociative ionization exhibits a noticeable enhancement in the region of 1-I .5 eV kinetic energies (indicated by the arrow in Fig. 1 ). It might most likely be explained by considering the Rdependence of the ionization rate of dissociating Hj1 molecular ions. Several theoretical studies'215 have predicted the existence of a second maximum in the ionization probability around R = 10 a.u. (Ec 1 .36 eV per proton), well beyond the region corresponding to the CREI-peak observed in single pulse measurements (2 -4 eV). The enhancement observed in Fig. 4 reflects this second maximum. However, one has to note that in order to extract the R-dependence explicitly, it is necessary to clearly disentangle it from the wave packet propagation in the corresponding region of internuclear distances. In Fig. 5a we present the non-coincident proton kinetic energy spectrum for delays between 1 7 and 45 fs, i.e. for partly overlapping pulses, whereas Fig. 5b displays time-of-flight signal of H2 ions for the same delays. In contrast to the coincident data of Fig. 4 , this spectrum includes both, dissociation and CE events. Protons having energies below 1.2 eV originate from the dissociation of Hj, whereas fragments with higher kinetic energies are due to the CE channels discussed above. The spectrum exhibits the autocorrelation pattern which considerably changes with increasing delay. Its very left part is quite similar to the case of zero delay, where the constructive interference of two pulses results in a delay/fs single pulse of the same duration but with four times increased intensity, and the destructive one leads to almost complete suppression of the pulse. Accordingly, we observe maxima for all fragmentation channels for the former case (see line 1 in Fig. 5 ) and almost no counts for the latter. However, for larger delays an increasingly large amount of counts appears as well for destructive interference (line 3), and the corresponding kinetic energy spectrum is clearly different from the constructive situation. One can see that in this delay region the maxima of H2 signal are shifted relative to the maxima of the interference pattern, as discussed in Section 2. In addition, a characteristic delaydependent 'zigzag' structure can be observed for proton energies between 1 and 2 eV.
In order to consider the fragmentation mechanisms in more detail, we display in Fig. 6 the calculated envelopes of the laser intensity profile for the cases of constructive and destructive interference between the two pulses, (corresponding to the lines 2 and 3 in Fig. 2, respectively) . As can be seen from this figure, in this delay region the molecule is exposed to a relatively intense laser field for both, constructive as well as destructive interference, however, with very different intensity distributions. Whereas constructive interference results in one long pulse with two slight maxima, the destructive case generates two well separated pulses of lower intensity. Thus, the destructive interference resembles a clean pump probe scheme, and therefore, we can follow the wave packet dynamics even if two pulses overlap.
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1,0 tlfs Figure 6 . Time dependent laser intensity profile for a single pulse (thin grey), and for two pulses separated by the delay of 14 (solid black, line 2 in Fig. 2 ) and 14.5 (dashed, line 3 in Fig. 2) optical cycles, i.e. for constructive and destructive interference, respectively. The intensity of a single pulse is 2*1014 WIcm2. Fig. 7 displays total (a) and coincident (b) proton kinetic energy spectra corresponding to the laser intensity profiles shown in Fig. 6 . The coincident spectra (Fig. 7b) , where only the CE events are included, manifest a clear splitting of the CE peak for destructive interference. For the constructive case (open circles in Fig. 7b ) the second ionization can occur for all time intervals t12after the removal of the first electron until the pulse falls down, thus, covering the whole range of Coulomb energies from 1 to 4 eV (112 denotes the time between the first and second ionization step). For the destructive interference, instead, the second step can occur either within the same pulse (first or second), or upon the arrival of the second pulse. This leads to a CE spectrum with two maxima around 3 and 1 .5 eV, respectively (full circles in Fig 7b) . The maximum at 3 eV is formed if both ionization steps occur within the same pulse and is indeed very close to the true single-pulse case (thin line), whereas the peak around 1 .5 eV corresponds to the situation where the second pulse ionizes the dissociating H2 ion, created by the first one. For two well separated pulses (i.e., destructive interference, dashed line in Fig. 6 ) certain values of t12 can not contribute, and thus, CE events with energies of about 2 eV, corresponding to these t12, are missing. The 'zigzag' structure observed in Fig. 5 reflects the molecular response on the changing field configurations, corresponding to all intermediate situations, from two well separated pulses to one long pulse.
Considering Fig. 7 , one can also understand why an additional enhanced ionization maximum, which can be observed in Fig. 4 , was not resolved in numerous previous experiments on H2 (D2). In a single pulse measurement the laser pulse should be long enough for a molecule to reach the corresponding critical internuclear distances (-10 a.u.). However, in this case a considerable part of the wave packet will be ionized while passing the first maximum of enhanced ionization single pulse of the same duration but with four times increased intensity, and the destructive one leads to almost complete suppression of the pulse. Accordingly, we observe maxima for all fragmentation channels for the former case (see line 1 in Fig. 5 ) and almost no counts for the latter. However, for larger delays an increasingly large amount of counts appears as well for destructive interference (line 3), and the corresponding kinetic energy spectrum is clearly different from the constructive situation. One can see that in this delay region the maxima of H2 signal are shifted relative to the maxima of the interference pattern, as discussed in Section 2. In addition, a characteristic delaydependent 'zigzag' structure can be observed for proton energies between 1 and 2 eV.
1,0 tlfs Figure 6 . Time dependent laser intensity profile for a single pulse (thin grey), and for two pulses separated by the delay of 14 (solid black, line 2 in Fig. 2 ) and 14.5 (dashed, line 3 in Fig. 2 ) optical cycles, i.e. for constructive and destructive interference, respectively. The intensity of a single pulse is 2*1014 W/cm2. Fig. 7 displays total (a) and coincident (b) proton kinetic energy spectra corresponding to the laser intensity profiles shown in Fig. 6 . The coincident spectra (Fig. 7b) , where only the CE events are included, manifest a clear splitting of the CE peak for destructive interference. For the constructive case (open circles in Fig. 7b ) the second ionization can occur for all time intervals t12after the removal of the first electron until the pulse falls down, thus, covering the whole range of Coulomb energies from 1 to 4 eV ('r12 denotes the time between the first and second ionization step). For the destructive interference, instead, the second step can occur either within the same pulse (first or second), or upon the arrival of the second pulse. This leads to a CE spectrum with two maxima around 3 and 1 .5 eV, respectively (full circles in Fig 7b) . The maximum at 3 eV is formed if both ionization steps occur within the same pulse and is indeed very close to the true single-pulse case (thin line), whereas the peak around I .5 eV corresponds to the situation where the second pulse ionizes the dissociating H2 ion, created by the first one. For two well separated pulses (i.e., destructive interference, dashed line in Fig. 6 ) certain values of t12 can not contribute, and thus, CE events with energies of about 2 eV, corresponding to these 'r12, are missing. The 'zigzag' structure observed in Fig. 5 reflects the molecular response on the changing field configurations, corresponding to all intermediate situations, from two well separated pulses to one long pulse.
Considering Fig. 7 , one can also understand why an additional enhanced ionization maximum, which can be observed in Fig. 4 , was not resolved in numerous previous experiments on H2 (D2). In a single pulse measurement the laser pulse should be long enough for a molecule to reach the corresponding critical internuclear distances (-10 a.u.). However, in this case a considerable part of the wave packet will be ionized while passing the first maximum of enhanced ionization Open symbols: delay of 14 optical cycles, constructive interference. Full symbols: delay of 14.5 optical cycles, destructive interference. The two-pulse data were integrated over the delay region fs around lines 2 and 3 of Fig. 5 for constructive and destructive case, respectively. Thus, the relative height of these two curves reflects the ionization probabilities for corresponding field configurations, whereas the single-pulse data were arbitrarily normalized for a visual convenience.
(R -4-7 a.u.), similar to the constructive case in Fig. 7b . Thus, the second maximum manifests itself in the spectrum only if one uses two well-separated pulses which are short enough. This situation was partly realized in our recent study on H2 fragmentation by few-cycle pulses'8 where first indications on the existence of the low-energy CE peak have been obtained. However, due to uncertainties in the pulse shape a definite conclusion could not be drawn.
For the delay region shown in Fig. 5 not only the CE but also the dissociation dynamics differs strongly for the cases of constructive and destructive interferences between the two pulses. For the line 3 in Fig. 5 (destructive interference), the low-energy part of the spectrum (up to 1 .2 eV) is similar to that obtained with a single pulse (see Fig. 7a ), indicating that in this case both pulses induce the dissociation independently. For the other case (line 2 in Fig. 5 , solid line in Fig.  6 ) the 1w dissociation peak is suppressed and shifted towards zero energy, whereas the 2w peak, being also slightly shifted towards lower energies, is considerably enhanced. This change of the branching ratio is due the differences in the peak intensity and the effective pulse duration (see Fig. 6 ). This intensity dependence was already observed experimentally32: the probability of the three-photon transition required for the 2w channel grows with increasing intensity faster than that of the one-photon process, and, since the H2 ion first passes the three-photon crossing, this results in an enhancement of the 2w in comparison with the 1w channel. The effect is further enhanced since for the case of constructive interference the molecule experiences an effectively longer pulse, and it was shown that the 2w channel has higher relative weight for longer pulse durations'8.
The shift of the 1o and 2w peaks towards lower energies is also a consequence of different pulse shapes22'28. Frasinski et al.22 observed that the 1w peak shifts to almost zero energy with increasing pulse duration. This effect was attributed to the pulse-length dependent decay dynamics of the so-called 'vibrationaly trapped', or 'bond hardened' states. Due to the more efficient trapping for the case of constructive interference we observe a similar shift of the ho peak. The origin of the slight shift of the 2w peak is not yet completely clear. The most likely reason is the difference in the distribution of contributing vibrational states, which depends on both, intensity36 and pulse duration.
CONCLUSIONS AND OUTLOOK
We have shown that time-resolved CE imaging with two 25 fs laser pulses enables a direct mapping of the dissociating nuclear wave packets of H2 molecules. In contrast to earlier pump-probe studies on H2 8 and D2 ,we were able to proton kinetic energy I eV proton kinetic energy I eV Open symbols: delay of 14 optical cycles, constructive interference. Full symbols: delay of 14.5 optical cycles, destructive interference. The two-pulse data were integrated over the delay region fs around lines 2 and 3 of Fig. 5 for constructive and destructive case, respectively. Thus, the relative height of these two curves reflects the ionization probabilities for corresponding field configurations, whereas the single-pulse data were arbitrarily normalized for a visual convenience.
For the delay region shown in Fig. 5 not only the CE but also the dissociation dynamics differs strongly for the cases of constructive and destructive interferences between the two pulses. For the line 3 in Fig. 5 (destructive interference), the low-energy part of the spectrum (up to 1 .2 eV) is similar to that obtained with a single pulse (see Fig. 7a ), indicating that in this case both pulses induce the dissociation independently. For the other case (line 2 in Fig. 5 , solid line in Fig.  6 ) the ho dissociation peak is suppressed and shifted towards zero energy, whereas the 2co peak, being also slightly shifted towards lower energies, is considerably enhanced. This change of the branching ratio is due the differences in the peak intensity and the effective pulse duration (see Fig. 6 ). This intensity dependence was already observed experimentally32: the probability of the three-photon transition required for the 2w channel grows with increasing intensity faster than that of the one-photon process, and, since the H2 ion first passes the three-photon crossing, this results in an enhancement of the 2w in comparison with the ito channel. The effect is further enhanced since for the case of constructive interference the molecule experiences an effectively longer pulse, and it was shown that the 2o channel has higher relative weight for longer pulse durations'8.
We have shown that time-resolved CE imaging with two 25 fs laser pulses enables a direct mapping of the dissociating nuclear wave packets of H2F molecules. In contrast to earlier pump-probe studies on H2 8 and D2 , we were able to proton kinetic energy I eV proton kinetic energy I eV separate the motion of the wave packets dissociating via one-and two-photon Floquet channels. We have demonstrated that our interferometrically stable setup, where the delay between two pulses can be scanned with sub-fs resolution, allows us to extend the pump-probe scheme into the region of partly overlapping pulses, selecting delays for which the pulses interfere destructively. Moreover, we have shown that changing the electric field profile in a controlled way, one can manipulate the ultrafast molecular fragmentation dynamics, suppressing and enhancing certain fragmentation channels. Vice versa, the possibility to observe an autocorrelation pattern with different fragmentation channels, and thus, with different degree of nonlinearity, opens new ways for 'in situ' diagnostics of the laser pulses itself, which is of crucial importance for experiments with few-cycle pulses.
In the coincident delay-dependent kinetic energy spectrum we have observed a signature of an additional enhanced ionization maximum in R-dependence of the ionization probability for H2t However, one has to note that in order to extract the R-dependence explicitly, it is necessary to clearly disentangle it from the wave packet propagation in the corresponding region of internuclear distances. This can be realized within the pump-probe experiment with considerably shorter laser pulses which should be performed in two modes: one, using an extremely intense probe pulse in order to map the time development of the nuclear wave packet, as suggested by Chelkovski et. a!34, and another one, with a probe pulse of moderate intensity. Such combined analyses will allow a direct comparison of the experimental data with theoretically calculated R-dependent rates. Corresponding experiments with 6-7 fs laser pulses are currently underway.
separate the motion of the wave packets dissociating via one-and two-photon Floquet channels. We have demonstrated that our interferometrically stable setup, where the delay between two pulses can be scanned with sub-fs resolution, allows us to extend the pump-probe scheme into the region of partly overlapping pulses, selecting delays for which the pulses interfere destructively. Moreover, we have shown that changing the electric field profile in a controlled way, one can manipulate the ultrafast molecular fragmentation dynamics, suppressing and enhancing certain fragmentation channels. Vice versa, the possibility to observe an autocorrelation pattern with different fragmentation channels, and thus, with different degree of nonlinearity, opens new ways for 'in situ' diagnostics of the laser pulses itself, which is of crucial importance for experiments with few-cycle pulses.
